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Electrons in one dimension

—@ 0090 o0 @ —0° > X

Breakdown of Landau's Fermi liquid picture

= density wave excitations

(@) 1D clean wire: Luttinger liquid G =dJ/dV = c/L = (K)

(b) single impurity : K<l (>1): impurity (ir)relevant,
— G ~ (max (T, eV)) /K2
Kane & Fisher ‘92, Furusaki & Nagaosa 92,93

(c) Gaussian impurities: ¢ ~ T22K0 . T» T, Giamarchi &Schulz '87

G ~exp(-To/T)2 T« T, T.N., Giamarchi, Le Doussal 03
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Quantum wire as a chain of
quantum dots
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Strong impurities:
quantum wire as a chain of gquantum dots

"quantum dot" with integer number q; of electrons

strong impurities, randomly distributed
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Luttinger liquid with strong impurities:

charge density p(z) = L(kp + Oz¢)[1 + 2 cos(2¢ + 2kpz)]

T [L N
S = mag 7 | [ dal(870)% 4 (929)?] — ¥ wcos(2p(z;) + 2kpa;)
21 0 0 1

1=

K 7\-‘-:\// T thermal de Broglie wavelength
W>>kF pinning strength

X:,1=X;=Q;: impurity spacin
i+1 NNiTY Impurity spacing (P(Xi)"'kin:TC Ni

|

mm) integer number q; =N.,;-N. of electrons between impurities
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Classical ground state

Kv—0, compressibility g=K/(nv) finite

q; =Ni.-N;

A= 1/(g9q;) charging energy of dot
Q=kea;/n  "background charge"
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Classical ground state

Kyv— 0, compressibility g=K/(nv) finite

q; =Ni.-N;

A= 1/(g9q;) charging energy of dot
Qi=kea;/m  "background charge"

Twr, > QL

bifurcation dots: qJ--QJ- =+ 3
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Charged excitations

change number of electrons by + 1

. Eji = A, {1/2 & (qJ--QJ-)} = +

€]

& 4 — ‘
Coulomb blockade if EJ-i » T
| Er

u g I J * -5
I S § Bifurcation dots:
!<—aj—>— | qj-QJ-Zj:% - EF=0

EJ.+ +EJ.-: AJ. Example: Q=3/2, g=1, E*=0, E=A

Q=3/2, q=2, E*=A, E=0
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Neutral excitations

E A . 4 .
Sj:KAjE
: it
o L w——
B |,
: J AJE i
Sj: T V/aJ - K AJ MJ --------- il'i A - EXJ‘.H ?XJ’.+.2 ;
R '
o] — S
:‘ dj _:
21K . AT Sinh wpa; Pjswn S0,7‘|‘17Wn
]:O Wn, J
®,=21NT > §; , 3. : ¢(x;) decoupled from neighbours
kT«a‘-|
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Add external field: He= -F [ dx o(x)/n

Discrete energy levels (5;=KA)) :

= energy conservation forbids tunneling except from
rare dots — R~ el Anderson et al (and many others)

‘ conductivity vanishes

- modification of the model:
weak coupling to a bath

Bath: (i) electrons in the gate (ohmic)
Sa= 7555 T lnl [ (wn)|?

(ii) phonons
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Transport
In
short wires
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Transport at T=0

— effective action S{o(x;,t)} on impurity sites

— classical metastale state o¢,(t)—¢,= © ( N + kex; ),

F>0 : Tunneling via instantons:  N.— N;+1

T /

2Y; i
| o]
r, bifurcation dots
X Xy © Xkt
O Qe O 0T X
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Transport at T=0

bifurcation dots:

s(V1,T) = % In [maaz(c?%KV }
+ -~ ) ) 1)
EJ +Ej+m NA/m /

— ~ N ~
S ~ Y(E{+E,)/d +m[sq+ Intanh (Y/2) - YY,/3 ]

!

T
L saddle point
| ¢0+
! ZE/ JN F ~J exp{"sins-r/h}

- - . e Py
I (I) 0! XjXjr Xk XK+l X
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Results from typical tunneling events:

(short wires) T4 )
_________________________________________________________ i \f‘f
7 1
’ PARENYN
//$\ ) ’ ,4"’/
// ‘f‘
F
Vi ¥
// .4"!
/ Ky
// f"
A T //I, ’-f’
i : a
’ 4
____________________ /7 ______jl'
5 R
// !
/ ! !
o L single impurity
, I tunneling
’ )
It AN J
A/S //7 . T‘.ﬂ_‘_‘"’ E
;7 many ynperiTy :
ﬂf’/?i,.—#ﬂﬁﬁ'eling /j ! J/VIN \/12/K !
St -~ i i
A I I >

VRH J~ exp {-s(A/V,)¥?} A Fa=V,

E':Ioc% G/S
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Results from typical tunneling events:

(short wires) TA )
’
e At S ?‘:" NS
/- ///:A'\, ) I" ,4:"/ A
J/le Te/K /'/ .f‘,! I
. A T /f/ *""
T/V,~ sinh(V,/2T)x < A
-<-A27 | «+—— AN
xexp(-s-A/2T) | s .
S
/’ b ingle impurit
N g gy
i P
J/VlN exp {- (SA/T) } -\ ./_:._,..-#ﬂﬁnehn%\ Y I-
A ' >
VRH Fa =V,
o2 D N
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Experiments
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Different types of conductivity :
(i) variable range hopping

T (K)
700 250 100 60 40
2 ! ' ' ) chain ladder
\ La,Sr,Ca,Cu,,0,
100 - ch Ellc -
. | La;Sr;CagC,40.4
B 154
107 |
< To~ 3 104K
g 100 fT
§ 10-6 _](]1 '.\ \
-O e
LN N
S 10° g R
Q 10" —
~ 1/2
' : (T
" 2 d OV e( 0 )
10 T (10008) ]
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T2 (K_'m)
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° °
® o..
S ool ° (E/E)L/2
¢ o . o~ e ( 0 )
=
g o
g
S Esf 1
=]
8
B s 012 016 020 0.16 020 024 028 007 036 028 032 09 040 Ti 0.01 0.62 0.63 O_bd o0
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E-"2 (v em™) 12

Carbon-nanotubes: Tang et al. 2000 Polydiacetylen: Aleshin et al. 2004
T~ e(To/n!/?
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(ii) Kane-Fisher behavior

. N Venkataraman,
MoSe Nanowires PRL (20063

Cc

J /TOL+1 ~ max ( V/T, VB"'I/TO“'I ) FIG. 1 (color online). (a) Structural model of a 7-chain MoSe

nanowire along with the triangular Mo3Sey unit cell. (b) and
(c) AFM height images of MoSe nanowires between two Au
electrodes. The wire heights are 7.2 nm and 12.0 nm, respec-

J tively. Scale bar = 500 nm.
T short wires (L ~ 1 pm):
— 3K “Temperature” Exponent o is close
— 55K W n
:%EK to "Voltage" Exponent B
— 125K Agrees with the conventional
160K “Luttinger-liquid” picture with
o~ -E'| Voltage
0.001 001 0.1 1 10 100 Temperature OL:B:Z/K-Z
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-10.0

(iii) new behavior

2.5
* Polymer nanofibers long wires: 10um
-2.5
107 "
1 407 Rehel PAfiber 0 10.0 pn
1 (sample 1)
13 1 10°) T=30K FIG. 1 (color online). AFM image of a K-hel PA fiber; the
10 3 E 10° inset shows the schematic of a two-probe device based on such
1~ a R-hel PA fiber on top of Pt electrodes.
1 10" o
I 10" 1o : B ) "
Tan w0 0 10 g temperature” exponent exceeds
_ “voltage" exponent!
107 a=2.8 ge exp
-16 R-hel PA fiber 1 1 1
10 cample 1) J /Tetl ~ max (V/T, VB1/Tol)
10’ 10° 10°
Aleshin et al., Voltage Disagrees with the conventional
PRL (2004) Temperature Luttinger-liquid picture
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Observed Power-Law Exponents

L ~10 um polymers ' Sample 1 2 3
Aleshin et al., a 2.8 5.5 7.2
PRL (2004) B 15 3.8 47
L ~ 100 um InSb wires Sample 1 2
Zaitsev-Zotov et al., o 2.3 34
JPCM (2000) B 1.3 3.4

5.6
1.0

45
2.8

In long wires T-exponent exceeds V-exponent: o > f3

Exponents are sample-dependent

5
5.0
1.1

4.6
2.0

6
4.1
1.8
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Long wires:
Rare events

Hangzhou 2007
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4. Long wires: rare events

So far: typical quantum dots with aq;~a
Now: consider regions with many narrow dots with g, << a

“Break" : sequence of narrow dots

E a

€ — OO

Probablity that no charge 1-e/A, e/A<<1

P () =1 - (e/A)(1 -e2/%) =
excitation in energy interval ¢ A/(2<) e/ A>>1
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Wire: non-overlapping breaks
+ low resistance connecting pieces’

break resistance R,e" —
total resistance R=L [P (u) Rye"du

>,
>

VANAN
vV N

P,(u) : density of pieces with resistance e

* Ruzin and Raikh 1988
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(@) Ohmic break of |j-k| dots -,

_ -
-
— —— — X
. 1 ol R
Rj—)k A~ R068|j_k|€TEk~7 > Roev EJ
et (b)
Tut cossass
simplification: rectangular break s|j-k| > u, i .
Ey/ T2 v PR
In P,(u) ~-u?T/As if uT« A

P(u) ~ P~ P(UTIVE ~ <

\ InP,(u) ~ -u/s In(2uT/A) ifuT>»A
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Infinite wire

R=L[ P, (u) Rpe*du — saddle point solution

s«l: p~ exp(sA/4T) Raikh Ruzin '89

s»1: p ~ exp (A es/4sT) new
break size a,~ aAes/(4sT) » a
break distance L.~ a, exp [sa,/a]
L Example: s=5, Ax T
A A A A —a,/a~7/4
VvV V V L./a ~ 101
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Finite wire: P(w(L/a)~1 = Upex

sT In(L/a,) << A : InR ~ [sAIn(L/a)/ T 1“2 VRH

Raikh Ruzin ‘89

sTIn(L/a,)>» A: [InR~ slIn(L/a,)/ In(Ts/A) ~ a InT

a =5s(T) In(L/a,) / In? (Ts/A)]

Hangzhou 2007
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Numerics: Christophe Deroulers (unpublished)

Ohmic regime, K=0.4, N=1000 dots

0.08 I T T T T ' T L I
1/In R L
numerics exact K=0.4, N=1000, llambda=10% —— y
007 L linear fit: new law .
| VIR~ In(Ts/a)/In (L/1,) _
005 | A .
%" 0.04 A .
= +
K=0.4
0.03 VRH +._.+'  .
1000 impurities =
0.02 |- L i
001 | T i
e ~F
+
+
0L L . L . L . L L
0.001 0.01 0.1 1 10 100

e In (T/A)
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(b) Non-Ohmic breaks of m dots

é: et __{_L‘E___

1 Non-Ohmic break Tup+Vp 127 i i

|_'_"-\/ Vipi2 + E i
: i RIALE L
v L Vp/2 :\/: J

N/ : :

X Tup-Vy 12 + L

-
: 1
~ —S|J—k|—7€Li i
Jjsk ~ Joe” 0 THTT% sinh[(¢; — ¢)/T]
assumption:  largest voltage drops V,=£;-§, >»T at a few breaks

constant I =I, e everywhere

u<slj—kl+¢e/T—V/T
-

> U > U
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(b) Non-Ohmic breaks | e

prob. distribution N7

Different reg
Py(Vp) =~ P_u(uT+V,/2) ~ P (u) exp[-V,/s T] TTerent regimes

(i) Vi, UT<< A Foglerdkelly (2005)
(ii) uT>>A »V »T

V=L dV, Py(V,) = V (u(T) — J(V.T)
(i) UT>Vy>>A»T

u=-ln (J/J,)= s In (2T/V,)/ In(Tu/A)

J~ VB, B=s/In(Ts/A), o/p=In(L/a,)/ In(Ts/A)1
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Regime diagram s =log of

tunneling
ohmic regime non-ohmic regime transparency
T 2 A = typical
charging energy
D +
Jr
J~ Te
VI
Als
- <INR>xsAIN(A/V)/T
A/s InL
VRH
<InR>~2,/20/V;

: ! I > \/1
AlnL Aesa/L |
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R=2"Roexp uy,

R.

|
vJ T

!

< »
<« »

_1— _
p(Rj)NRj " k=2 1In[g—}}§j

~ power law — R; Levy random walk

P(R) Levy distribution, k<< 1: Frechet distribution

Pr(R) ~ R~1"%exp [-(R*/R)"]

k*IN(R*/Rp) = In(ly/k*), k* = k(R*)
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Weak pinning:  w,a— 0, §&j=(a/w?)!/3 fixed

a =gy’ w?

W2 (S

Jlglalisle)

STIrong
eJiglgligle

Giamarchi, 2004:
"Quantum Physics in One Dimension"

Wy WA kF W (@) o(D) T2~n(i’) (b) o(7) 1/Kp -1
T>T; . single impurity weak - & /) \ .
N T
T<T,: collective effects rz T T
strong
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Conclusions:

O

O

linear and non-linear conductivity , field and temperature cross-over
between single and many impurity tunneling

low field and temperature: Mott-Shklovskii-VRH
larger V,T: Kane-Fisher - power law behavior

Kane-Fisher "single-dominant-barrier” theory is not valid in
long wires that contains many (> 100 ?) impurities

true power-law exponents exceed the single-barrier ones
by a “large” log-factor (perhaps, by 2 or 3 in practice)

resistance is controlled by "breaks" -dense clusters of impurities

global weak/strong pinning regime diagram

Hangzhou 2007 Sino-German Workshop on Disordered and Interacting Quantum Systems 34



MOdel: BOSOI’IiZQ‘l‘iOI’li displacement from perfect order;
v

Charge density  p(x) = 2, 8(x -x,) X =n /Kg -0(x,)/ ke
p(x) == (ke+d,0) X, 8(kex + 0(x) - T n) = nl (Ke+d, )2 > e2mitkpx+d)

V()= [ (er08) 12 T g™ €909 ; 2[ 3,60(x) 4(x') ] =i 5(x-x")

H=(h2/2m)[ dx |V¥|2+ 1/2[[ dx dy V(x-y)p(x)p(y)
= H=(h/2r)[ dx {v;(2,0)%+vn(8,0)%)

vi=hke/m = Kv v =(Ar k)= v/K K=1 : free electrons
K~10-1..10-2CDWs, SDWs

S/h=(2n K)! [dx[ dt {v1(0.0)2+v(d, $)? +2KF o(x) }
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Large Voltage/temperature: power laws

e

A
------ >u__ A _ Larkin and Lee '78
. - -«
= S

Tunneling action dominated by spreading of charge:

Sy~ [ dt E(2)~ [ dt (gx(2)) '~ -K* In (Efipa/ Einitiar)

S — Sy~ S +2K 1 In [min(1, KA/T, A /Fa)]

— T>A

Jk,k+1 ~ (mGX(T,V)/A)Z/K Kane-Fisher 1992

Hangzhou 2007
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Giamarchi, 2004: "Quantum Physics in One Dimension"

@ o) 72HD [b) o) UKo
A A

Strong and
weak pinning

-
P
-
-

T>T, . single impurity weak Y

T<T,: collective effects weak Toe T, Tflstrong T Ty T

u<ke: SCHA u— Uy
k-(ake)!

KAa/

-
Ty~ KA Cp T
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Experiments: sample dependence

SWCNT = single-wall carbon nanotube,

MWCNT = multiple-walls carbon nanotube.

System Diameter Length e~ mean free path g = K | Size [ of dots | Nb. N of dots
MoSe nanowires 1-20 nm 1 pm 0.3-0.6 pm 0.15
PRL 96 076601 (2006) 2-620 channels
polyactelyne nanofibers 40-60 nm high 2 pm [ =10 pm N =200
PRB 72 153302 (2005 ) x 100-300 nm
PRL 93 196601 ()mm
polydiacetylene (PDA) 25 pm hopping length: N = 2500
PRB 69 214203 (2004) 10 nm at 120-300 K,
30 nm at 30 K
SWCNT < 5 nm 0.4 cm 1 pm (defect-free)
NanoLetters
4 2003 (2004)
SWCN'T 1 nm 300 pm

Physica B 279 200 (2000)

MWCNT
PRL 93 086801 (2004)

5-25 nm

1.1-2.6 pm

25-250 nm

[nSb nanowires
J Phys: Condens Matter
12 L303 (2000)

0.5 nin

0.1-1 mm

1=1-10 pm

N=2000-5000

CDW nanowires (NbSes) 30-300 nm 2-20 pm
PRL 93 176602 (2004) 220 to 25640
chains
2 parallel GaAs 20-30 nm 2-10 pm 6 pm | 0.67 £0.07

nanowires
Science 295 825 (2002)
PRB 68 125312 (2003)

0.59 £0.03
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Tunneling rate

Z—ZO+iZl—chp(x,T)e”ﬁ etf Td"’ﬁ({@}ﬁ

W=-2ImF=28"ImInZ, =282

Zo

/ Ay PR
_]‘ oC Im lnsth e_IS(R)/ﬁ
Z h
o0
' Sr' \ -2
x e_ksinst/ﬁ' Im f dr Inst eZﬂjf}‘ /(pK ofp) ‘
Nk
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Quantum creep: Tunneling in applied field

A) Classical creep

nucleation = formation of a critical droplet
of free energy Fdr‘opleT(f) =G Asur'face— f vdropIeT

= creep velocity ~ 11~ eFedf)/T

B) Quantum creep
(see Coleman "fate of the false vacuum")

nucleation in space-time = formation of an instanton of action

sinstanton= G Asur'face - f. Vins*rcm‘ron

= creep velocity ~ 11~ e Sinst(f)/
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